HGF/c-Met system is spatiotemporally regulated by a unique pattern of signaling pathways induced by peripheral nerve injury, and these pathways have a role in promoting the survival of injured neurons, especially adult DRG sensory neurons.
Introduction
Hepatocyte growth factor (HGF) has been a subject of study since it was first discovered as a muscle-derived neurotrophic factor present in both the central nervous system (CNS) and the peripheral nervous system (PNS) [1, 2] . Additionally, HGF has been associated with promoting survival of motor, sensory, and parasympathetic neurons [3] [4] [5] [6] , inducing neurite outgrowth and migration [7] , enhancing functional recovery of axonal regeneration [8, 9] , preventing cell death of ischemia-damaged neurons [10, 11] , suppressing progression of neurodegenerative diseases [12, 13] , and improving learning and memory dysfunction of impaired brains [14] . The ability of HGF to mediate such as wide range of biological functions is based on its interactions with its unique receptor, Met tyrosine kinase receptor (c-Met) [15] .
While the role of HGF in the developing and mature CNS has been well studied [9, [16] [17] [18] [19] [20] , there have been fewer studies on the dynamic features of the HGF/c-Met system in PNS-related structures. For example, in naive adult rats, HGF mRNA is primarily expressed by ϳ 25% of primary sensory neurons in the dorsal root ganglions (DRGs), and is abundantly distributed in laminae III-VIII of the spinal cord. In contrast, c-Met mRNA has been predominantly detected in the superficial layers of the spinal dorsal horn, in most motoneurons in the spinal ventral horn [21, 22] , and in Schwann cells in the sciatic nerve of adult rats [21] . In injury-related regions following peripheral nerve injury, mRNA and protein levels of cMet have been shown to be spatiotemporally regulated, whereas levels of mRNA and protein of HGF have been shown to remain stable following axotomy [21, [23] [24] [25] . Despite these insights into HGF/c-Met signaling, the mechanisms specifically involved following peripheral nerve injury have not been completely elucidated.
In the present study, spatiotemporal changes in the expression of HGF and c-Met were investigated in L4-L5 DRGs and the lumbar spinal cord following sciatic nerve ligation (SNL) in adult rats. In a previous study, 85% of DRG neurons that were positive for HGF mRNA, were also found to be positive for trkA mRNA. trkA is a high affinity receptor for nerve growth factor (NGF) [21] , and NGF has been shown to promote the survival of different types of neurons in coordination with HGF [26] . Therefore, protein levels of NGF were also detected within the sciatic nerve following SNL [27] . Our findings indicate that the HGF/c-Met system is spatiotemporally regulated following peripheral nerve injury, and the unique signaling pattern for this system further suggests a role for HGF/c-Met in promoting the survival of adult DRG sensory neurons and spinal motoneurons.
Materials and Methods

Animals and Surgery
Adult male Sprague-Dawley rats, weighing 200-250 g, were obtained from the Xiangya Center of Experimental Animals, Changsha, China. All surgical procedures and post-operative animal care were carried out according to protocols approved by the institutional committee for animal care, and also in accordance with the policy of the National Ministry of Health. All efforts were made to minimize the number of animal used and their discomfort following nerve surgery.
Using sodium pentobarbital (i.p., 40 mg/kg) to induce deep anesthesia, the right sciatic nerve was exposed and tightly ligated with a 4-0 nylon thread at mid-thigh level. In sham control rats, the right sciatic nerve was exposed but not injured. Following surgery, animals were administered antibiotic ointment prophylactically and then returned to their cages to awake without immobilization. Normal controls included rats that did not undergo surgery.
Tissue Processing
Following ligation surgery, 5 rats from each treatment group were harvested on days 1, 3, 5, 7, 14, and 28 for immunohistochemical analysis. Under deep anesthesia, rats were perfused transcardially with saline followed by freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4). Subsequently, bilateral L4-L5 DRGs and corresponding segments of the lumber spinal cords of injured rats, plus 2 normal rats, were removed and post-fixed in the same fixative for 3 h. Tissues were then transferred to 30% sucrose in 0.1 M PB for cryoprotection, embedded in OCT (Tissue Tek; Miles Laboratories, Elkhart, Ind., USA), and stored at -80 ° C. All specimens were sliced coronally using a Shandon cryostat and the 20-m sections obtained were labeled as an adjacent series.
For immunoblotting samples, 5 rats from each timepoint were sacrificed by decapitation and the bilateral L4-L5 DRGs, the L4-L5 segments of the lumber spinal cord (the ventral ½ part) were rapidly dissected from each. As described previously [27] , dissected samples were combined with 5 vol (w/v) of ice-cold lysis buffer (150 m M NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS, and 1 m M sodium orthovanadate in 50 m M Tris-HCl (pH 7.4)), homogenized using a Dounce homogenizer, and centrifuged (12,000 g ) for 15 min at 4 ° C. After 30 min on ice, supernatants were collected and immediately stored at -80 ° C until needed.
Immunohistochemistry
Two series of free-floating DRG and spinal cord sections were rinsed in PBS containing 0.1% Triton X-100, then soaked in 3% H 2 O 2 in PBS for 20 min to inactive endogenous peroxidase activity. Sections were subsequently blocked in a solution of 5% bovine serum albumin (BSA)/0.3% Triton X-100/PBS for 1 h at room temperature (RT), followed by incubation of the sections with polyclonal primary antibodies raised in rabbit to HGF and c-Met (1: 200; Santa Cruz Biotechnology, Santa Cruz, Calif., USA) overnight at 4 ° C. For control sections, primary antibody was omitted. After 3 washes in PBS, sections were incubated for 2 h at RT with biotinylated secondary goat anti-rabbit IgGs (1: 200; Vector, Burlingame, Calif., USA) in the same solution used for the primary antibodies. Sections were then reacted with avidin-peroxidase complex (1: 100; Vector) for 1 h and bound antibody was visualized using 3 3-diaminobenzidine as a chromogen. After several rinses in PBS, sections were mounted onto gelatin-coated slides, air-dried, dehydrated, cleared, and coverslips were applied. Double immunofluorescent staining was performed on DRG sections with c-Met plus mouse anti-5-hydroxytryptamine (5-HT; 1: 500; Chemicon, Temecula, Calif., USA) or mouse anti-glial fibrillary acidic protein (GFAP; 1: 500; Chemicon). For spinal cord sections, c-Met plus goat anti-ChAT (1: 500; Chemicon) or goat anti-calcium gene-related peptide (CGRP) (1: 1,000; Biogenesis, Poole, UK) were used. Immunoreactivities were visualized using species-specific secondary antibodies raised in donkey that were conjugated to Cy2 or Cy3 (1: 100; Jackson ImmunoResearch, Newmarket, UK). 
Immunoblotting
Total protein lysate (20 g) for each sample was separated electrophoretically in 5% SDS-polyacrylamide gels and transferred to polyvinylidene fluoride membranes. Membranes were blocked with 5% BSA in 0.1 M Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 1 h at RT, then incubated overnight at 4 ° C with polyclonal rabbit anti-c-Met (1: 500) in TBS-T containing 1% BSA. Membranes were washed thoroughly with TBS-T and then were incubated for 1 h at RT with horseradish peroxidase-conjugated goat anti-rabbit IgGs (1: 1,000; Dako, Glostrup, Denmark). Levels of ␤ -actin were also detected on these membranes (monoclonal antibody, 1: 2,000; Sigma) as a loading control. Bound antibodies were visualized using enhanced chemiluminescence (ECL kit; Amersham Bioscience, UK), exposed to X-ray films, and recorded with a laser scanner. Using Scion image beta 4.0.2 analysis software (Scion Co., Frederick, Md., USA), the mean optical density of c-Met-and NGF-positive protein bands were measured densitometrically and normalized to values for ␤ -actin.
Statistical Analysis
All data are presented as means 8 SEM. Paired data were evaluated using Student's t test, and comparisons between multiple groups were performed using one-way analysis of variance (ANO-VA) followed by Dunett's tests. p values ! 0.05 were considered significant.
Results
c-Met Expression following SNL
In normal and contralateral L4-L5 DRGs, c-Met was primarily detected in neurons with small to medium diameters and partial 5-HT-positive large-sized neurons ( fig. 1 A-C) . c-Met was not detected in satellite cells ( fig. 1 D-F) , although c-Met and GFAP were found to be co-expressed along the sensory fibers of these DRGs. In the dorsal horn of the corresponding lumbar spinal cords ( fig. 2 A-C) , c-Met immunoreactivity was prominently observed in the superficial laminae occupied by the afferent terminals of DRG sensory neurons, and in association with expression of CGRP, an important neurotrophic and pain-related neuropeptide [27] . In the ventral horns, c-Met immunostaining was mainly observed in the cytoplasm, as well as in proximal dendrites of ChAT-expressing motoneurons ( fig. 2 D-F) .
Following SNL, c-Met immunostaining in ipsilateral versus contralateral L4-L5 DRGs was found to be greatly increased on days 5, 7, and 14 post-ligation ( fig. 3 C, D, F , H, J-L), with the highest levels of c-Met expression detected in specimens collected on days 7 and 14 (p ! 0.05 in each case; fig. 4 A) . In the ipsilateral ventral horn of lumbar spinal cords, both immunohistochemistry ( fig. 3 M-O) and immunoblotting ( fig. 4 B) for c-Met did not detect changes in c-Met expression over the course of the experimental period. However, c-Met-immunopositive regions within the ipsilateral dorsal horn were found to be significantly enlarged between days 5 and 14, and 
HGF Expression following SNL
In non-injured and contralateral L4-L5 DRGs ( fig. 5 A) , HGF-expressing cells varied widely in size, yet were mainly associated with medium and larger diameter sensory neurons. Following SNL, HGF immunostaining was found to significantly decrease in ipsilateral L4-L5 DRG neurons from day 3 to day 14, with minimal levels of expression detected on days 5 and 7 (p ! 0.05 in each case). This decrease in HGF detection was found to gradually increase until day 21, and was restored to baseline levels by day 28 post-ligation ( fig. 5 B-H, J) .
In corresponding lumbar spinal cords, HGF immunoreactivity was detected in superficial laminae of the lumbar spinal dorsal horn, as well as in the cytoplasm and processes of neurons distributed in laminae III-VIII ( fig. 5 I) . Throughout the course of this study, no significant change in expression of HGF across the entire spinal cord was elicited by SNL (data not shown).
Expression of NGF in the Sciatic Nerve following SNL
Although HGF has been shown to exclusively cooperate with NGF to enhance axonal outgrowth, HGF has also been shown to enhance the neurotrophic activities of NGF. This synergism is specific for NGF and does not occur with other related neurotrophins, such as brain-derived neurotrophic factor and neurotrophin-3 [26] . When axonal transportation in the sciatic nerve was blocked, levels of NGF were found to significantly accumulate as early as 24 h post-ligation, and this accumulation was found to persist until day 28 in distal nerve segments (p ! 0.05 vs. proximal segments; see our previous paper [27] ).
Discussion
Using a model of SNL in adult rats, an immediate and persistent accumulation of NGF in the distal sciatic nerve trunk, as well as spatiotemporal changes in the expression of HGF and c-Met, were identified in L4-L5 DRGs and lumbar spinal cords. To the best of our knowledge, these are novel insights into the dynamics of the HGF/cMet signaling system within structures related to peripheral nerve injury signaling.
Previous data have demonstrated that the HGF/c-Met signaling system is necessary for the development, axonal growth, and survival of DRG sensory neurons [26] . In this study, constitutive expression of HGF and c-Met were detected in L4-L5 DRG sensory neurons and in lumbar spinal cords. These results are consistent with previous findings in human and rat models [9, 22, 28] , and are consistent with earlier descriptions of mRNA expression detected using the same animal model [21] . Under physiological situations, spinal motoneurons have been shown to be maintained via HGF/c-Met autocrine and/or paracrine signaling systems [28] . However, in this study, changes in expression of HGF and c-Met following SNL were not detected in spinal motoneurons. These data are consistent with previous reports of SNL where levels of HGF mRNA were unaffected [21] . Furthermore, in studies of sciatic nerve transaction, HGF protein levels were found to be unaffected in lumbar spinal cords [25] , suggesting that the regulation of the HGF/c-Met system in central motoneurons following peripheral nerve injury differs from that following central nerve injury, which has been associated with up-regulation of both HGF and c-Met [9] .
In adult rats, a significant increase in c-Met mRNA has been detected in Schwann cells of the distal nerve seg- ment as early as day 4 following SNL, whereas up-regulation of c-Met mRNA in proximal nerve segments of Schwann cells was not detected until day 14 following SNL [21] . This unique induction pattern for c-Met mRNA post-injury suggests that the HGF/c-Met system may have a functional role in promoting axon regeneration based on the concentration and frequency of interactions between c-Met and HGF on the surface of injured Schwann cells. In the present study, a significant decrease in HGF expression was coupled with a significant increase in c-Met levels in L4-L5 DRG neurons and their afferent terminals following SNL. These findings suggest that the HGF/c-Met system in DRG primary sensory neurons is sensitive to peripheral nerve injury signaling, and in contrast with motoneurons, L4-L5 DRG sensory neurons could be protected from nerve injury signaling by increased expression of c-Met.
Both in vitro and in vivo, HGF has been shown to be a strong neurotrophic factor for motoneurons [5, 28, 29] . For example, after facial nerve or seventh cervical segment (C7) nerve avulsion, adenoviral gene transfer of HGF was shown to prevent significant loss, as well as ameliorate ChAT immunoreactivity in injured motoneurons of adult rats [23] . Similarly, continuous administration of HGF to the severed ends of hypoglossal nerves markedly prevented a reduction in protein and mRNA levels of ChAT, and significantly decreased the transcription and translation of c-Met in adult rats. In the latter situation, levels of c-Met gradually increased and reached maximal levels 2 weeks following axotomy [24] . Recent evidence has also confirmed that repeated transfer of the human HGF gene into the rat nervous system can promote the functional recovery and repair of injured nerves [8, 30] . In the spinal cord, high expression levels of the cMet receptor have been found to be restricted to subsets of motoneurons, particularly those associated with limbinnervating segments [31, 32] . However, in this study, protein levels of HGF/c-Met did not indicate that motoneurons of the lumbar spinal cord had been affected following SNL. Therefore, in combination with previous findings [21, 25] , we hypothesize that the HGF/c-Met system may exert protective effects on injured spinal motoneurons through increases in activity, rather than changes in protein expression, following peripheral nerve in- jury. Since HGF is a physiologically relevant survival factor for a subpopulation of developing spinal motoneurons [31] , the unchangeableness of HGF/c-Met signaling observed in this study also represents the vulnerable difference to injury signaling that exists between the immature central motoneurons and the mature ones.
HGF cooperates with CNTF to promote the survival of motoneurons and parasympathetic neurons [33, 34] . Moreover, HGF in combination with NGF is able to promote the survival of sensory neurons and outgrowths of sensory and sympathetic axons [26, 35, 36] . Although cMet expression in the sciatic nerve was not assayed, NGF was observed to dramatically accumulate in the distal segment of the sciatic nerve as early as 24 h post-ligation [27] . This accumulation of NGF persisted for the duration of the experiment. Based on the increase in neurotrophic effects mediated by HGF in the presence of NGF [26, 35] , the immediate accumulation of NGF following peripheral axon injury in distal sciatic nerve segments predicts its involvement in the promotion of axon regeneration by HGF/c-Met signaling. However, the exact mecha nism(s) and function(s) mediated by NGF remain to be elucidated.
Sun et al. [37] found that the expression of c-Met and HGF RNAs in spinal motoneurons revealed increased expression levels during progression of amyotrophic lateral sclerosis in G93A mice. Consistently, throughout the course of this disease, certain residual spinal motoneurons co-expressed both HGF and c-Met proteins with the same, or even stronger intensity in comparison with those of normal subjects in human histological studies [28] , suggesting that the new protein synthesis of the HGF/c-Met system could be a factor in charge of the degeneration of these injured neurons. However, in the PNS, SNL injury did not alter the expression of the HGF/c-Met system [21] .
Besides the NGF accumulation in the nerve trunk as early as 1 day post-injury, in this study, it was spatiotemporally revealed that the HGF protein level was significantly down-regulated in DRG sensory neurons from day 3 to day 14 and followed by c-Met up-regulation in these neurons and their afferents from day 5 to day 21 following ligation. Usually, dynamic regulation of HGF/c-Met signaling implicates its multiple roles in the development, maintenance and modification of the nervous system [38] . This spatiotemporal patter but not the consistent increase in the involved regions implies that HGF/c-Met system possibly protects the injured neurons from assault damage via its dynamic regulation rather than new protein synthesis. In summary, spatiotemporal regulation of HGF/c-Met expression in DRG sensory neurons and spinal motoneurons of adult rats in response to peripheral nerve injury has been demonstrated. Expression of HGF/c-Met, as well as levels of NGF levels in the nerve trunk, showed unique regulatory patterns, indicating that the HGF/c-Met system is dynamically regulated in response to peripheral nerve injury. In addition, the HGF/c-Met system was shown to promote the survival of injured neurons, especially DRG sensory neurons in the adult rat. 
